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Stressrganelles with degradative and storage capabilities that have many similarities to
mammalian lysosomes and plant vacuoles. In the past several years, well-developed genetic, genomic,
biochemical and cell biological tools in S. cerevisiae have provided fresh insights into vacuolar protein
sorting, organelle acidiﬁcation, ion homeostasis, autophagy, and stress-related functions of the vacuole, and
these insights have often found parallels in mammalian lysosomes. This review provides a broad overview of
the deﬁning features and functions of S. cerevisiae vacuoles and compares these features to mammalian
lysosomes. Recent research challenges the traditional view of vacuoles and lysosomes as simply the terminal
compartment of biosynthetic and endocytic pathways (i.e. the “garbage dump” of the cell), and suggests
instead that these compartments are unexpectedly dynamic and highly regulated.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionActively growing yeast cells have several prominent vacuoles that
are functionally similar to mammalian lysosomes and plant vacuoles.
Vacuoles are the most acidic compartment of the cell and have a
deﬁned lipid and protein composition that supports roles in protein
degradation, ion andmetabolite storage, and detoxiﬁcation (reviewed
in [1]). General insights into membrane trafﬁc and organelle
biogenesis have been obtained from vacuolar protein sorting mutants,
which have provided a molecular description of many features in the
biosynthetic and endocytic pathways of all eukaryotes. Studies of the
transfer of vacuoles from mother to daughter cells provided some of
the ﬁrst insights into mechanisms underlying organelle inheritance.
More recent studies have highlighted changes in vacuolarmorphology
in response to extracellular conditions, and the importance of the
vacuole in responses to stresses ranging from acute osmotic and ionic
shock to long-term nutrient deprivation. The emerging picture of both
yeast vacuoles and mammalian lysosomes suggests that they are not
only “endpoints” (i.e. terminal compartments in the biosynthetic and
endocytic pathways), but also “crossroads” that are acutely sensitive
and responsive to changing extracellular environments. In this review,
we will ﬁrst highlight the deﬁning features of yeast vacuoles,
including protein and lipid composition, morphological features, and
mechanisms of acidiﬁcation. We will then discuss how this repertoire
of features is used by the vacuole to perform the wide variety of
constitutive and stress-related functions. The vacuole continues to be1 315 464 8750.
ll rights reserved.a very informative model for mammalian lysosomes; wewill highlight
similarities and differences between vacuoles and lysosomes through-
out the review.
2. Identifying features of yeast vacuoles
2.1. Protein content of the yeast vacuole
The yeast vacuole has a deﬁned set of resident proteins, a
distinctive ionic milieu, and a characteristic membrane lipid composi-
tion, all of which combine to provide its “compartment identity”. For
many years, research focused primarily on speciﬁc protein content
responsible for major vacuolar functions such as proteolysis or
transport. More recently, genomic and proteomic approaches are
also providing comprehensive views of the vacuole. A search of the
yeast genome database (www.yeastgenome.org) for all open reading
frames characterized by the gene ontology (GO) term “vacuolar
localization” [2] revealed that two hundred of the approximately 6000
yeast ORFs are currently annotated as having vacuolar localization, at
least under some conditions. Not all of the proteins currently listed are
likely to be functionally contributing vacuolar residents; some GO
terms are attributed based solely on the localization of GFP-tagged
ORFs [3] whose functionality has not been conﬁrmed, and some
proteins targeted from other locations to the vacuole for degradation
may reside there long enough to be visualized. Nevertheless, scanning
the list of proteins generated provides global insights into vacuolar
function. 27% of the total proteins that are identiﬁed with vacuolar GO
terms are annotated as having transporter function, representing a
signiﬁcant enrichment of the total cellular population of transporters
Fig.1. Vacuolar morphology is sensitive to growth conditions. The vacuole can change in
volume and vesicle number depending on extracellular conditions. Top: Under normal
conditions, the cell has two to three medium-sized vacuoles. In hypo-osmotic media, a
single large vacuole takes up most of the cell. Upon hyper-osmotic shock, the vacuole
fragments into multiple small lobes. Bottom: Superimposed images of ﬂuorescently
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ranging from amino acids to transition metals to glutathione
conjugates, and include both importers and exporters, highlighting
the importance of the vacuole as a storage compartment and cellular
buffer in multiple homeostatic mechanisms. As expected, there is also
an enrichment of proteases. Other hydrolases are also present, along
with proteins implicated in autophagy, vacuolar protein targeting, or
vacuole–vacuole fusion.
Proteomic approaches are also contributing to a comprehensive
picture of the protein composition of the vacuole. An analysis of the
yeast vacuolar luminal proteome from yeast was published recently,
and the results highlight the proteolytic functions of the vacuole [4].
Vacuoles were highly puriﬁed under conditions that preserve vacuolar
content, and proteinase K-resistant (lumenal) soluble proteins were
identiﬁed by 2D gel electrophoresis and mass spectrometry [4].
Hydrolytic enzymes represented amajor class of lumenal proteins, but
a number of “non-canonical” vacuolar proteins were also identiﬁed.
These proteins were suggested to have entered the vacuole for
eventual degradation and to have been detected because of the
sensitivity of the methods. The yeast vacuolar membrane proteome
has not yet been reported, but there have been several proteomic
studies of the plant tonoplast (plant vacuolar membrane) [5,6].
Consistent with the genomic analysis in yeast, these studies indicate a
rich variety of transporters in the plant tonoplast membrane.
Together, these data support the view of the vacuole as a degradative
and highly versatile storage compartment in yeast and plants.
2.2. The vacuolar membrane has a distinctive lipid composition
Aside from having a distinct luminal and membrane proteome, the
yeast vacuole also possesses a unique lipid proﬁle. While the plasma
membrane is known to be populated by sphingolipid-rich lipid rafts
which are implicated in signaling andmembrane trafﬁc [7], these have
not been found in yeast vacuoles. Furthermore, the vacuole has a
drastically low ergosterol to phospholipid ratio, and low levels of
sphingolipids. [8–10]. As a result, while most plasma membrane
proteins appear to reside in “detergent resistant membranes”,
vacuolar membrane proteins are generally detergent soluble [11].
Note-worthy lipids involved in vacuolar function are discussed below.
Fusion between vacuolar membranes (homotypic vacuole fusion,
discussed below) requires the presence of regulatory lipids such as
ergosterol, diacylglycerol, phosphatidyl inositol 3-phosphate (PtdIns
[3]P) and phosphatidyl inositol 4-phosphate (PtdIns[4]P) [12,13]. Cells
without these lipids (except PtdIns[3]P) have fragmented vacuoles.
These “regulatory lipids” interdependently congregate at the vertices
of fusing membranes and are necessary for the enrichment of other
fusion factors such as SNAREs, Ypt7p1 and HOPS [13].
The autophagy and Cvt (cytosol to vacuole targeting) pathways are
both protein delivery pathways to the vacuole (discussed below). It
has recently been shown that these processes require phosphatidy-
lethanolamine, due to covalent binding of the phospholipids to Atg8p,
an autophagy protein. This lipid modiﬁcation is necessary for the
proper localization of Atg8p to the pre-autophagosomal structure,
leading to vesicle formation during Cvt and autophagy [14]. Though
phosphorylated derivatives of myo-inositol make up a tiny fraction of
total cellular lipid (b1%) [15], phosphoinositide signaling is crucial for
trafﬁcking membranous vesicles and their cargo to appropriate
compartments. The ﬁdelity of this process must be maintained to
ensure proper organelle identity. The major phosphoinositide species
on vacuolar membranes is phosphatidylinositol 3,5-bisphosphate
(PtdIns[3,5]P2), which is generated from PtdIns[3]P by the Fab1
kinase [16]. Fab1p is activated by two other peripheral membrane1 Yeast proteins are indicated by the gene name followed by “p” for protein, for
example, Vac7p.proteins, Vac14p and Vac7p, to generate a pool of PtdIns[3,5]P2 on late
endosomal and vacuolar membranes [17–20]. Cells that cannot
produce this lipid have severe defects in vacuolar morphology,
characterized by a grossly enlarged vacuole that is incapable of
ﬁssion. This grossly enlarged vacuole appears to be a result of defects
in vacuolar ﬁssion as well as membrane recycling from the vacuole
[21–23]. The presence of PtdIns[3,5]P2 is necessary for maintaining
vacuolar identity, as speciﬁc PtdIns[3,5]P2 effectors are required for
protein sorting from multivesicular bodies (MVBs) to the vacuole, as
well as protein retrieval from the vacuole to MVBs [16]. By a still
unknown mechanism, PtdIns[3,5]P2 levels are also necessary for
proper vacuolar acidiﬁcation [24]. Deletion mutants for FAB1 and its
activators all have defective quinacrine uptake, which suggests a
defect in establishing a proton gradient across vacuolar membranes.
This acidiﬁcation defect is also reﬂected in the retarded growth of
fab1Δ cells in alkaline media [25]. Studies have shown that fab1Δ
cells do not have a mislocalized V-ATPase [17,21,24], so the basis of the
acidiﬁcation defect is not yet understood.
3. Vacuolar morphology
The vacuole is a dynamic organelle whose morphology is highly
responsive to different extracellular and intracellular stimuli. During
log phase, actively metabolizing cells have vacuoles that are
comprised of multiple medium-sized lobes (Fig. 1). These lobes fuse
into one enlarged vacuole during stationary phase or with glucose
deprivation. A more striking effect occurs during osmotic stress,
where the vacuole fragments into multiple small vesicles. In contrast,
exposure to hypo-osmotic conditions causes the vacuole to swell,
occupying a large volume of the cell. These changes in size andstained vacuoles on yeast cells viewed under Nomarski optics. Vacuoles were visualized
using a C-terminally GFP-tagged V-ATPase subunit (Vma2p-GFP) during log-phase
growth under hypotonic conditions (synthetic complete medium), normal conditions
(YEPD, buffered to pH 5 (100 mM added salt)), and hypertonic conditions (YEPD,
buffered to pH 5 with 1 M NaCl added).
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and ions from the vacuole. The vacuole must be capable of receiving
both lumen andmembrane-associated cargo from arriving vesicles via
various trafﬁcking pathways (discussed below). Conversely, the
vacuole must also be able to send off membrane/lumenal contents
destined to other compartments. A highly orchestrated example of
this is vacuolar inheritance, where part of the mother vacuole is
partitioned and directed to the daughter cell in response to cell cycle
cues. All these cellular events require a labile vacuole that is capable of
changing size and contents while maintaining sufﬁcient organelle
homeostasis to support normal function. In this context, vacuolar
membranes must be capable of undergoing ﬁssion and fusion at will
(reviewed in [26]).
3.1. The equilibrium between vacuolar ﬁssion and fusion dictates
vacuolar morphology
The fusion and ﬁssion of vacuolar membranes is necessary for
delivering cargo in and out of the vacuole, and for regulating vacuolar
volume in response to extracellular stresses. Since the players in
membrane fusion and ﬁssion are highly conserved, vacuolar mem-
brane fusion and ﬁssion has been used as a model for general
membrane dynamics. Current knowledge about these mechanisms
are summarized below.
3.1.1. Vacuolar fusion
The isolation of vam (vacuolar morphology) mutants [27] led to
the discovery of genes that were required for normal vacuolar
morphology. These turned out to be players in the vacuolar homotypic
fusion process. Vacuolar fusion involves highly concerted interactions
between SNAREs (including Vam3), SNARE chaperones (Sec17p/
Sec18p), Rab family GTPases, their regulators and effectors, speciﬁc
lipids such as phosphoinositides, and Sec1/Munc18 (SM) proteins
[26,28]. This process involves several major steps: priming, tethering,
docking, and fusion. ATP-dependent priming capacitates vesicles for
initial contact by preparing SNARE complexes for fusion and activating
Rab GTPases. The AAA-ATPase Sec18p and its cofactor Sec17p
disassemble cis-SNARE complexes, and the soluble SNARE Vam7p
and Vps1p are released. The activation of fusion factors such as Vac8p
and the Rab GTPase Ypt7p by the HOPS tethering complex also occurs
at this stage. Tethering is the reversible initial contact between
vacuoles, and requires an assembled SM HOPS complex and activated
Ypt7p Rab GTPase. Docking follows, where SNAREs from opposing
vesicles establish more secure trans-SNARE complexes. Interestingly,
it has been recently shown that the HOPS complex proofreads trans-
SNARE complexes, and can inhibit the fusion of vacuoles with
mismatched SNAREs [29]. The assembly of SNARE trans-complexes,
the interactions of these complexes with factors such as HOPS, and
regulatory lipid rearrangements are all crucial for vesicle fusion [30].
Trans-SNARE complexes may facilitate membrane fusion by exerting
enough physical strain on the lipid bilayer [30,31], disrupting existing
bilayer structures via SNARE trans-membrane domains or concentrat-
ing membrane destabilizing lipids at sites of fusion [13,30,32].
In addition to thesewell-established players in vacuolar homotypic
fusion, a number of other factors have also been implicated in this
process. Rho1p and Cdc42p GTPase activation, vacuolar acidiﬁcation
and PtdIns[4,5]P2 have been implicated in vesicle docking. Docking
leads to calcium release from the vacuole [33,34]. Calcium activates
calmodulin,which binds to themembrane-associateddomain of theV-
ATPase (V0) [35]. This is proposed to create trans-complex formation
between V0 complexes on opposed vesicles [32,36], though the
involvement of V0 in trans-complex formation is still being debated.
3.1.2. Vacuolar ﬁssion
While vesicle fusion requires vesicle and target SNAREs, Rab
GTPases, NSF and α-SNAP, vesicle formation/ﬁssion during endocy-tosis requires coat proteins such as COPI, COPII, and clathrin [37].
While much is known about the mechanisms behind vesicle ﬁssion
during endocytosis, the molecular mechanisms behind the ﬁssion of
vacuolar vesicles remain elusive.
In yeast, vacuole ﬁssion is necessary for proper vacuolar inheri-
tance during mitotic cell division and for the acute response to
osmotic shock (see below). Information about this process can be
gleaned from mutants that are defective in vacuole inheritance, since
mutants in genes required for this process often also show a failure to
fragment vacuoles [38]. This includes the mutants of Vac14p, Vac7p
and Fab1p, which are required for PtdIns[3,5]P2 production. As
previously mentioned, these mutants have grossly enlarged vacuoles,
pointing to a defect in vacuolar ﬁssion and membrane recycling.
Mutants lacking Atg18p, a Fab1p effector, also display a similar defect
[23]. VAC14, VAC7 and FAB1 deletion mutants have no detectable
PtdIns[3,5]P2, while the ATG18 deletion mutant has high PtdIns[3,5]P2
levels. Fusing Atg18p to a vacuolar trans-membrane protein rescues
the morphology defects of a vac14Δ strain. Hence, Atg18p has been
proposed to be a “sensor” of PtdIns[3,5]P2 levels that mediates vesicle
ﬁssion and membrane recycling at the vacuole [23,39].
Vps1p is a dynamin-like protein which has been proposed to be
involved in both vacuolar fusion and ﬁssion [40,41]. Like fab1Δ, vps1Δ
cells have enlarged vacuoles that are unable to fragment in response
to osmotic stress, but unlike fab1Δ cells, vps1Δ cells also have
numerous small vacuolar vesicles surrounding the large central
vacuole. Further analysis revealed that vps1Δ vacuoles are also
fusion-deﬁcient. Vps1p release from the vacuole is dependent on
Vam3p and Sec18p, placing this protein at the interface of ﬁssion and
fusion reactions. Peters et al. [42] have suggested that Vps1p
sequesters Vam3p during ﬁssion and is released just before fusion,
though this hypothesis has yet to be conﬁrmed.
Interestingly, the V-ATPase is required for both vacuolar fusion and
ﬁssion [40]. A recent study has shown that the presence of the V0
membrane sector of the V-ATPase (see below) is required for fusion,
while the proton translocation activity of the enzyme is required for
ﬁssion [40]. In this study, researchers provide compelling evidence
that vacuolar morphology is dictated by the equilibrium between
fusion and ﬁssion reactions. Cells that had no V-ATPase activity due to
the deletion of a V-ATPase subunit or inhibition by concanamycin (a
V-ATPase speciﬁc drug) were defective for ﬁssion and had a big
vacuole phenotype. In contrast, the deletion of a V0 subunit (vph1Δ)
that could still partially support acidiﬁcation had a more pronounced
fusion defect, and had fragmented vacuoles. Interestingly, vph1Δ cells
that were treated with concanamycin A, completely abolishing
vacuolar acidiﬁcation, contained big vacuoles. This suggests that
fusion–ﬁssion equilibrium can be shifted to favor one reaction over
another, and this ultimately dictates vacuolar morphology [40].
3.2. Vacuolar inheritance during mitosis
In response to cell cycle cues, vacuolar compartments must be
distributed from themother cell to the daughter bud. This starts early in
the cell cycle and commences just before nuclear migration [43,44]. For
vacuolar inheritance to occur, there must be spatial and temporal
control of vacuole movement, along with the coordination of these
changes with vacuolar function (reviewed in [38,45]). In this process,
tubular/vesicular “segregation structures” emanate from the side of
the vacuole closest to the nascent bud, andmove along a track from the
mother to the daughter. This actin-dependent process involves the
molecular motor, Myo2p, and Vac17p and Vac8p as the main mother–
daughter vacuole transport complex. The interaction of Vac17p with
Myo2p is vacuole speciﬁc and is only necessary for vacuolar inheritance,
while Vac8p attaches Vac17p to the vacuole. The assembly of this
complex draws vacuolar vesicles into the growing bud. It has been
hypothesized that Vac17p turnover disrupts vacuolemovement, leaving
the new vacuole in its appropriate compartment [38].
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During sporulation, a diploid yeast cell undergoes meiotic division
to yield four spores enclosed in an ascus (sac). Unlike vacuolar
inheritance during mitosis, these spores do not inherit vacuolar
compartments from the parent diploid cell [46]. Instead, the vacuole
vesicles seem to be excluded from spores and reside in between the
spore cell walls and the ascus. The sequestration of the diploid vacuole
from haploid spores during meiosis may serve as a mechanism to
exclude unnecessary vacuolar cargo that may be deleterious to new
spores [46]. In contrast, the exclusion of the diploid vacuole from
spores also facilitates the release of vacuolar proteases into the ascus,
and this may be important for spore germination [46].
If little or no vacuolar material is inherited from the diploid cell,
there must be mechanisms by which vacuoles are re-generated in
spores from precursors [46,47]. This kind of de-novo vacuole formation
has also been observed in vac mutants that have defects in vacuolar
inheritance during mitosis [43,48]. Studies from mammalian cells
have shed some light on this problem. Various groups have shown
that organelles that are connected to the endoplasmic reticulum by
membrane trafﬁc can be newly formed if part of the ER is inherited by
daughter cells [46,49,50]. Accordingly, yeast spores could form
vacuoles by using vesicles from pre-vacuolar compartments that
arise from the ER–Golgi pathway. Class E vps mutants accumulate
vacuolar proteins such as the V-ATPase in structures proximal to the
vacuole and recapitulate a number of vacuolar functions in this
compartment [51–53]. The existence of Class E compartments
suggests that the vacuole can be formed by the maturation of
compartments such as these [46].
4. Trafﬁcking to and from the yeast vacuole
The distinctive protein and lipid composition of the vacuole
requires machinery for protein targeting. Genetic and biochemical
studies of vacuolar transport pathways in yeast have been extremely
fruitful, both in deﬁning components required for transport of newlyFig. 2. Trafﬁcking pathways to and from the vacuole. Multiple vesicular pathways deliver p
several biosynthetic pathways, while proteins targeted for degradation may be sent via endo
late Golgi to the vacuole. The CPY pathway also starts from the late Golgi, but traverses m
biosynthetic cargo from the cytosol to the vacuole in a process that has common componen
and proteins to the endocytic or CPY pathways. Degradative pathways: Endocytosis tra
extracellular space to the vacuole. Cargo progresses from early endosomes to late endosomes
autophagosomes engulf cytosolic material for degradation at the vacuole. In microautophag
degraded at the vacuole.synthesized proteins to the vacuole, and in elucidating general
properties of protein sorting and vesicular transport. (Sorting path-
ways for vacuolar proteins were recently reviewed in more detail by
Bowers and Stevens [54]).
4.1. vps mutants deﬁne conserved trafﬁcking components
Newly synthesized soluble vacuolar and lysosomal proteases contain
signal sequences that target them for insertion into the endoplasmic
reticulum, and they transit from ER through the Golgi before they are
diverted toward the lysosomes in the late Golgi. The vacuolar protein
sorting (vps) mutants emerged from two different genetic screens
[55,56], both directed toward identifying mutants that mislocalize
soluble vacuolar proteins, speciﬁcally carboxypeptidase Y (CPY), to the
secretory pathway rather than targeting them to the vacuole. This set of
approximately 70 mutants implicated in vacuolar protein sorting was
further classiﬁed by vacuolar morphology [51], and many of the mutated
proteins have now been biochemically characterized [54]. Yeast soluble
vacuolar proteins do not receive mannose-6-phosphate, a canonical
targeting signal for soluble lysosomal proteins inmammals. Nevertheless,
the vpsmutant screen identiﬁed a number of highly conserved proteins.
These include classical components of the vesicular transport machinery,
such as Rab proteins, tethering factors, and SNARE proteins, the ESCRT
machinery operative in multivesicular bodies, and the PtdIns[3]-kinase
Vps34p [54,57,58]. In addition, a sorting receptor for carboxypeptidase Y
(Vps10p), which may serve a similar recognition function to the
mannose-6-phosphate receptor, was identiﬁed [59]. Characterization of
the vpsmutants suggests that even though lysosomal sorting may use a
different sorting determinant in some cases, this determinant operates
on the background of highly conserved pathways for vesicular transport.
4.2. The many routes to the yeast vacuole
Multiple pathways can direct proteins to the vacuole (Fig. 2;
reviewed by [54]). The “CPY pathway” is perhaps the best-studied
pathway for newly synthesized vacuolar proteins, and involvesroteins to and from the vacuole. Resident vacuolar proteins are sent to the vacuole by
cytosis or autophagy. Biosynthetic pathways: The ALP pathway delivers cargo from the
ultivesicular bodies (MVBs) before reaching the vacuole. The CVT pathway delivers
ts with autophagy. Trafﬁcking pathways away from the vacuole may recycle membrane
nsports both soluble and membrane-bound cargo from the plasma membrane and
(multivesicular bodies) before reaching the vacuole. In macroautophagy, vesicles called
y, the vacuolar membrane itself forms invaginations which form vesicles that are then
Fig. 3. The vacuolar H+-ATPase. The vacuolar H+-ATPase (V-ATPase) is a proton pump
on the vacuolar membrane composed of a membrane-bound V0 sector and a cytosolic
V1 sector. ATP hydrolysis in the V1 sector drives the translocation of protons through the
V0 sector.
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body (MVB) to the vacuole. A number of membrane proteins,
including dipeptidyl aminopeptidase B (DPAP-B) and the V-ATPase
also transit this pathway [60]. Carboxypeptidase S (CPS) uses a
variation inwhich it is transported to theMVB as amembrane protein,
then inserted into intralumenal vesicles before transport to the
vacuole and ﬁnal processing to remove its membrane domain. The
“ALP pathway”, named for its alkaline phosphatase cargo, is
characterized by direct vesicular transport from the Golgi apparatus
to the vacuole [61–63]. In addition, aminopeptidase I follows an
unusual pathway to the vacuole, the Cvt pathway, that is characterized
by direct transport from the cytosol to the vacuole; this pathway
utilizes a subset of the autophagy machinery [64].
In addition to these biosynthetic pathways, multiple proteins are
sent to the vacuole for degradation (see below). Extracellular or cell
surface proteins may enter the cells by endocytosis, ﬁrst transiting to
early endosomes and then intersecting the CPY pathway in multi-
vesicular bodies before transport to the vacuole [60]. The collection of
endocytosis (end)mutants [65,66] shows substantial overlap with the
vps mutants because of the interdependence of the biosynthetic and
endocytic pathways [55,60]. Intracellular proteins, both cytosolic and
organellar, are also digested in the vacuole under certain conditions.
These proteins are generally targeted via the autophagy machinery
(see below).
4.3. Membrane transport from the vacuole/lysosome
Pathways involved in targeting proteins and membrane to the
vacuole must be balanced by pathways capable of retrieving
membrane and targeting machinery from the vacuole, or the capacity
for sorting will be depleted and the vacuole will lose its identity. The
major retrieval pathway from the vacuole appears to be routed
through the pre-vacuolar/late endosome compartment [67]. Lyso-
somes must also contain retrieval pathways, and situations where
lysosomes fuse with earlier compartments may represent a variation
of constitutive retrieval pathways.
Another interesting mechanism of directed lysosomal transport
has been reported in various metazoan systems. Lysosomes have been
found to fuse with the plasma membrane. The exocytosis of
conventional lysosomes is triggered by an increase in cytosolic Ca2+.
This appears to be necessary for plasma membrane repair in response
to injury and also allows the formation of “parasitophorous vacuoles”,
which sequester pathogens such as Trypanosoma cruzi away from the
cell [68,69].
Still other cell types have specialized secretory lysosomes that
store newly produced secretory cargo. Examples of these are
melanosomes, basophil granules, and cytotoxic T lymphocyte gran-
ules. Cytotoxic T lymphocyte lysosomes can fuse with the plasma
membrane at the junction between the lymphocyte and antigen-
presenting cell to expel the contents of lytic granules [68]. This
happens when the T-cell receptor recognizes antigen on the antigen-
presenting cell. Secretory lysosomes are then directed to the plasma
membrane along microtubule tracks, and fusion requires the RAB27A
GTPase and Munc 13-4 [68].
5. Acidiﬁcation as a deﬁning feature of vacuoles and lysosomes
Yeast vacuoles and mammalian lysosomes are the most acidic
cellular organelles. Almost all vacuolar and lysosomal functions are
tied to the acidic pH of the vacuolar lumen and/or the pH gradient
across the membrane. Lysosomal pH is generally 4.5–5 [70], and
vacuolar pH has been shown to vary from b5–6.5 depending on
growth conditions [71–74]. In both mammalian and yeast cells,
acidiﬁcation is achieved through the action of a proton pump, the
vacuolar H+-ATPase (V-ATPase), which couples ATP hydrolysis to
proton transport from the cytosol to the organelle lumen.5.1. V-ATPases acidify both vacuoles and lysosomes
V-ATPases are remarkably conserved enzymes that are evolutio-
narily related to the F1F0-ATP synthase of mitochondria [75,76]. They
are multisubunit enzymes, consisting of a complex of peripheral
membrane subunits containing the sites of ATP hydrolysis, which is
designated V1, bound to a complex of integral membrane subunits
containing the proton pore, which is designated V0. A currentmodel of
the yeast V-ATPase is shown in Fig. 3. Mammalian enzymes have a
very similar structure overall [75]. Individual subunit genes show
sequence identities as high as 80% between yeast and mammalian
sequences [77], and even subunits with signiﬁcantly less sequence
identity can be functionally interchangeable [78]. The yeast V-ATPase
consists of 14 different subunits. All subunits are encoded by a single
gene except for the largest membrane subunit, subunit a, which is
present as two different isoforms [79]. The two yeast a subunit
isoforms, Vph1p and Stv1p, are localized predominantly to the
vacuole and Golgi/endosomes, respectively, where they assemble
with other V-ATPase subunits to generate V-ATPases with organelle-
speciﬁc properties. Speciﬁcally, Vph1p-containing V-ATPases at the
yeast vacuoles appear to show more efﬁcient coupling of ATP
hydrolysis to proton transport, higher levels of assembly of V1
subunits with V0 subunits, and greater responsiveness to extracellular
glucose concentration (see below) than Stv1p-containing V-ATPase
complexes [80,81]. Based on their differential localization and
chimeric a subunit experiments, the yeast a subunit isoforms are
known to contain targeting information [80].
There is amuch larger set of V-ATPase isoforms inmammalian cells
[75,82], and this lends tremendous potential for versatility in targeting
and function to the mammalian enzymes. In general, at least one
isoform for each mammalian subunit is ubiquitously expressed, while
the others show tissue-speciﬁc expression, often associated with
tissues where high levels of V-ATPases are expressed at the plasma
membrane [82–84]. It is also clear, however, that multiple V-ATPase
isoforms can exist in a single cell, and that there may be functional
isoform substitution [84–86]. This complicates biochemical analysis of
mammalian lysosomal V-ATPases and is one of the major reasons why
yeast has emerged as the major model system for analysis of V-ATPase
activity. Mice and humans have four isoforms of the a subunit, and as
in yeast, these isoforms are believed to impart localization information
to the V-ATPase, as well as participating in proton transport [87,88].
The mouse a3 isoform has been localized to late endosomes and
lysosomes, but has also been shown to be recruited to the plasma
membrane during osteoclast maturation [89]. Homozygous mutations
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overgrowth of bone resulting from loss of osteoclast activity [90,91]. In
addition, the oc/oc mouse has defects in insulin secretion that suggest
an involvement of the a3 isoform in other non-lysosomal functions,
speciﬁcally, regulated secretion [92]. The relatively speciﬁc effects of
these mutations suggests that tissue-speciﬁc functions of the a3
isoform are disrupted, but lysosomal acidiﬁcation may be preserved,
perhaps by substitution with another a subunit isoform.
5.2. Consequences of loss of vacuolar acidiﬁcation
Genetic deletions of ubiquitously expressed V-ATPase subunits
appears to be lethal in all organisms except fungi. Mice with
homozygous deletions in the c subunit died at the point of
implantation [93], while inactivation of a constitutive V-ATPase
subunit gene in Drosophila resulted in a larval lethal phenotype [94].
Thus, because they are viable, yeast V-ATPase subunit deletion
mutants (vmamutants) provide invaluable insights into the functional
importance of vacuolar acidiﬁcation [76]. Deletion of any of the single-
copy V-ATPase subunit genes, or both of the a subunit isoform genes,
abolishes uptake of the lysosomotropic base quinacrine into the
vacuole, suggesting that organelle acidiﬁcation has been abolished.
These deletions also result in a signature growthphenotype (theVma−
phenotype) that is characterized by sensitivity to elevated extra-
cellular pH (vmamutant cells can grow at an extracellular pH of 5, but
not at pH 7.5), sensitivity to elevated extracellular calcium concentra-
tions, inability to grow on non-fermentable carbon sources, sensitivity
to heavy metals and oxidants, and multidrug sensitivity [76].
Although the Vma− phenotype reports loss of acidiﬁcation in all
compartments acidiﬁed by V-ATPases, not just vacuoles, several
aspects can be linked to the storage and detoxiﬁcation functions of the
vacuole described in more detail in subsequent sections. Speciﬁcally,
the calcium sensitivity of vmamutants results from the central role of
the vacuolar Ca2+/H+ exchanger Vcx1p in calcium homeostasis and
its dependence on a V-ATPase-established H+ gradient [95]. Heavy
metals are also sequestered in the vacuole, and the loss of V-ATPase
activity compromises both the activity of some transporters and
maintenance of the extensive vacuolar polyphosphate stores that may
help bind metal ions in the vacuole [96–98]. vma mutants are also
unable to grow on medium containing low iron or calcium
concentrations [99,100], reﬂecting the importance of the vacuole as
a storage compartment, but probably inﬂuenced as well by acidiﬁca-
tion requirements in other compartments such as endosomes and
Golgi [100,101]. The pH dependent growth of the vma mutants has
been more difﬁcult to explain [73,74,102]. It may reﬂect both the
importance of the V-ATPase and the vacuole in pH homeostasis and
more stringent requirements for iron and copper uptake imposed by
elevated extracellular pH [103].
One of the most surprising results that emerged from initial
experiments on the vma mutants was that some processes expected
to be absolutely dependent on vacuolar acidiﬁcation were only
moderately affected. For example, although vacuolar proteases have
an acidic pH optimum, there was slow but effective activation of
zymogen forms of the vacuolar proteases, suggesting that consider-
able protease activity remained despite elevated vacuolar pH [104].
Similarly, vma mutants showed defects in sorting of vacuolar
proteases to the vacuole, but the rate of secretion of these proteases
was much lower than that of most vpsmutants, and in fact, V-ATPase
mutants were not present in the initial set of vps mutants [104–106].
These results suggested that both sorting andmaturation of hydrolytic
enzymes in the vacuole were less reliant on V-ATPase activity than
expected, although compartment acidiﬁcation is important for the
efﬁciency of these processes.
Although mutations that abolish lysosomal V-ATPase activity do
not appear to support viability, plecomacrolide antibiotics (the
baﬁlomycins and concanamycins) are highly-speciﬁc V-ATPase inhi-bitors [107] that have been used to determine the effects of acute loss
of organelle acidiﬁcation in cultured mammalian cells [108,109]. Over
longer times or at higher doses, they also induce apoptotic cell death
in a number of cell types, although the mechanism of this effect is still
under debate [110,111]. As with the yeast vma mutants, the widely
used versions of inhibitors do not distinguish the lysosomal V-ATPase
from V-ATPases active in other compartments. Lysosomotropic weak
bases such as NH4+ have also been used to alkalinize acidic organelles,
but these weak bases cause organelle swelling (vacuolization) as well
as neutralizing acidic organelles, and this can complicate interpreta-
tion of results [112,113]. This has made baﬁlomycins, concanamycins,
and related compounds preferable as a means of assessing the
contribution of organelle acidiﬁcation to different processes.
5.3. Regulation of vacuolar acidiﬁcation
Organelle acidiﬁcation, and the V-ATPase itself, are regulated by a
number of different mechanisms. The yeast V-ATPase is regulated at
the level of assembly of the peripheral V1 sectors with the integral
membrane V0 sectors [75,76,114], and a similar mechanism of
regulation has been invoked for the control of lysosomal acidiﬁcation
in maturing dendritic cells [115]. In yeast, reversible disassembly is
rapid and post-translational (reviewed in [75,76]). Disassembly
appears to inactivate both ATP hydrolysis in detached V1 sectors and
proton transport through free V0 sectors. Reversible disassembly is not
an all-or-none response, but rather, may adjust the level of assembled
enzyme to the availability of ATP and/or need for proton pump
activity. The mechanisms for sensing and responding to glucose are
still under investigation. Glucose metabolism to fructose-6-phosphate
or beyond is necessary to maintain V-ATPase assembly [116], and
glycolytic enzymes, particularly aldolase, associate directly with the V-
ATPase and may support its assembly and signal glucose deﬁciency
[117–121]. Other cellular proteins, such as the RAVE complex, are
required for reassembly of disassembled V-ATPase complexes, but are
not directly involved in glucose sensing [122]. Recent evidence from
an insect plasma membrane V-ATPase that also undergoes reversible
disassembly implicates phosphorylation of the C subunit, which
dissociates from both V1 and V0 upon starvation, in controlling
assembly [123]. Protein kinase A is implicated in controlling assembly
in this system, but mutations in yeast protein kinase A do not appear
to affect assembly or reversible disassembly of the V-ATPase [116],
suggesting that an alternative mechanism is available in yeast. There is
also evidence that coupling of ATP hydrolysis and proton pumping in
V-ATPases can be regulated under conditions where the enzyme
remains assembled [124].
In addition to regulatorymechanisms focused on the V-ATPase itself,
there are many indirect ways of regulating organelle acidiﬁcation [125].
V-ATPases are electrogenic pumps, and counterion transport is critical
for continued pumping [126]. In addition, a number of exchangers,
includingNhx1p, aNa+(K+)/H+exchanger, transportH+against thepH
gradient created by the V-ATPase, and Nhx1p has been shown to limit
acidiﬁcation in the compartment where it resides, the late endosome/
multivesicular body, and indirectly, to control vacuolar pH [127]. The
lipid environment in different organelles has also been implicated both
in regulating V-ATPase activity and in determining the ﬁnal pH of acidic
compartments by other means [125,128]. Finally, the buffering systems
in the vacuole and the cytosol will inﬂuence the ﬁnal pH of the vacuole
and other organelles. The major vacuolar buffering system in yeast is
polyphosphate, which is present at extremely high concentrations in
the vacuole [97,129,130], but recent work has also suggested that
vacuolar proteinsmay have evolved to act as buffers as well [131]. These
systems operate simultaneously to determine the ﬁnal pH of the
vacuole and/or lysosome, and each also represents a possible site for
regulating the extent of organelle acidiﬁcation. In yeast, there is clear
evidence of alterations in vacuolar pH with different growth conditions,
suggesting a high degree of regulation [71,72,74]; in mammals,
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are also conditions where lysosomal pH is regulated [115].
6. Constitutive functions of the yeast vacuole
The physiological context of the vacuole described above supports
both constitutive functions, operating more or less constantly in yeast
cells (Fig. 4) and stress-related functions, in which the capabilities of
the vacuole are recruited to allow adaptation to different stresses. In
this section, we will outline the constitutive functions of the vacuole,
and in the next section, we will describe how these functions
contribute to response to a number of different stresses.
6.1. Vacuoles as degradative organelles
Like lysosomes, vacuoles are degradative organelles, and serve as
one of two major cellular degradation systems, with proteosomes
constituting the second system. Hydrolytic enzymes are among the
best-characterized vacuolar proteins (reviewed in [1,133–135]), and
include soluble vacuolar proteases proteinase A (Pep4p) carboxypep-
tidase Y (CPY), proteinase B (Prb1p), and carboxypeptidase S (CPS), all
of which have been used as model vacuolar proteins in trafﬁcking
studies. Membrane-bound proteases have also been described,
including dipeptidyl aminopeptidase B (DPAP-B). In general, vacuolar
proteases are relatively non-speciﬁc and are directed toward
degradation of a large variety of substrates rather than speciﬁc
processing of any one protein. Like lysosomal proteases, vacuolar
proteases are transported to the vacuole in zymogen form, and
activated in a complex cascade [135]. Proteinase A (pep4) mutants
accumulate multiple zymogens, indicating that Pep4p initiates
processing of multiple different precursors [136]. These processingFig. 4. Constitutive functions of the yeast vacuole. The vacuole is responsible for multiple c
Degradation: The vacuole is highly enriched for hydrolases (yellow circles) that break down c
membrane contains multiple transporters (blue polygons) that import amino acids, ions, and
for proper maturation of hydrolases and for establishing the proton gradient that drives m
recycle amino acids, ions, and metals to the cytosol. The combined activity of importers and
the main storage site for polyphosphate which buffers cations and is a source for cellular
harmful metabolic bi-products via ABC transporters.events are optimal at low pH, but as described above, there is
sufﬁcient activity in the absence of V-ATPase activity to give
appreciable zymogen activation and vacuolar protease activity,
suggesting that low vacuolar pH is not essential.
Consistent with its role as a major degradative organelle,
substrates are directed to the vacuole by multiple different routes.
Plasma membrane proteins are targeted to the vacuole for degrada-
tion in both a constitutive manner, as a means of continually
refreshing the population, and in a signal dependent manner, as a
means of downregulating signalling or transport functions. Depen-
dence on the activity of vacuolar proteases, such as Pep4p, rather than
proteosome activity, is the deﬁning feature of protein degradation by
this route. Degradation of the yeast pheromone receptors (Ste2p and
Ste3p) is well-studied. Both a slow, constitutive, ligand-independent
degradation of Ste2p and ligand-dependent downregulation were
shown to occur at the vacuole [137]. Ligand-dependent downregula-
tion involves mono-ubiquitination of the C-terminal tail of the
receptor prior to endocytosis [138]. This modiﬁcation is then engaged
by the ESCRT machinery in the late endosome/multivesicular body,
culminating in deubiquitination and targeting of the receptor to
intralumenal vesicles before transport to the vacuole and degradation
[139,140]. Cell-surface receptors, such as the EGF receptor, are targeted
for lysosomal degradation via a very similar pathway in mammalian
cells (reviewed in [138,139]).
Certain plasma membrane permeases are also selectively targeted
to the vacuole for degradation, both as part of their normal life cycle
and in response to an excess of the nutrient that they transport. Fur4p,
a plasma membrane uracil permease, shows ubiquitin-dependent
targeting to the vacuole for degradation via the same route as Ste2p;
Fur4p shows more efﬁcient ubiquitination and turnover in the
presence of high levels of extracellular uracil [141,142]. Targeting ofonstitutive processes: 1) degradation, 2) storage, 3) buffering, and 4) detoxiﬁcation. 1)
argo delivered via multiple trafﬁcking pathways to the vacuole. 2) Storage: The vacuolar
metals. Vacuolar acidiﬁcation by the vacuolar H+ ATPase (V1 and V0, green) is required
any transporters. 3) Buffering: The vacuolar membrane also contains transporters that
exporters is important for ion homeostasis and amino acid recycling. The vacuole is also
phosphate. 4) Detoxiﬁcation: The vacuole also sequesters toxic metals and potentially
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amino acid levels, but interestingly, intracellular amino acid levels are
recognized during biosynthesis, as well as after transport to the
plasma membrane [143,144]. If cytosolic amino acids are scarce,
Gap1p can be diverted to the plasma membrane, but if levels are
sufﬁcient, it is targeted to the vacuole for degradation [145]. It is
notable that in this and other examples, there is little regulation of
degradation at the vacuole, but instead, sorting decisions on the way
to the vacuole determine whether a protein will be targeted to
degradation.
Cytosolic and organellar proteins can also be degraded by vacuolar
proteases under certain conditions. During starvation-inducedmacro-
autophagy (discussed below), a large percentage of total cellular
protein is degraded at the vacuole, but vacuoles also participate
constitutively in removing cytosolic and organellar protein. This basal
level of autophagy (reviewed in [146]) probably accounts for the
degradation of a number of longer-lived cytosolic proteins, and can
also allow for degradation of organelles [147]. In yeast, mutations in
autophagy machinery only cause obvious phenotypes under condi-
tions of starvation, suggesting that sufﬁcient levels of constitutive
protein turnover can be achieved by other means. However, in
mammalian cells, there is growing evidence that basal levels of
autophagy play a critical role in development and quality control
[146]. The overall goals of both basal and induced autophagy appear to
be removal of nonessential cytosolic components and recycling of
amino acids [146]. Compromising vacuolar protease activity or
vacuolar acidiﬁcation allows initial steps of autophagy to proceed,
but results in accumulation of autophagic vesicles in the vacuole [147].
Both yeast and mice deﬁcient in autophagy exhibit lower intracellular
and extracellular amino acid levels under starvation conditions
[148,149]. These data suggest that both vacuoles and lysosomes
must have mechanisms for release of amino acids for reuse after
autophagic protein digestion (discussed below).
6.2. Vacuolar involvement in metabolite and ion storage and homeostasis
Yeast cells encounter conditions of deprivation or starvation at
multiple points in their normal life cycle and are able to store
nutrients for buffering cytosolic levels during transient periods of
deprivation and for mobilizing stores during revival after prolonged
starvation, for example during spore germination. The vacuole is the
major storage compartment for amino acids, phosphate, Ca2+, and
many metal ions (reviewed in [1,150].
Basic and neutral amino acids can accumulate to high levels in the
yeast vacuole, but there is little vacuolar storage of acidic amino acids
[1]. It was known for a number of years thatmany of these amino acids
require the proton gradient for their accumulation. More recently,
speciﬁc amino acid transporters have been identiﬁed and localized to
the vacuole. Three basic amino acid transporters (Vba1p, Vba2p,
Vba3p) belonging to the major facilitator superfamily (MFS) are
responsible for uptake of lysine, arginine, and histidine [151]. The S.
cerevisiae genome encodes 7 transporters of the Unc-47/GABA-
glycine vesicular amino acid transporter (VGAT) family. One of these
(Avt1p) is responsible for uptake of large neutral amino acids
(tyrosine, glutamine, asparagine, isoleucine, and leucine) into the
vacuole, while three of the other family members (Avt3p, Avt4p, and
Avt6p) are implicated in amino acid export from the vacuole [152].
Interestingly, all of the Avt family transporters appear to require the
proton gradient across the membrane, even though they transport in
opposite directions [152]. Atg22p, originally believed to be part of the
autophagy machinery, was more recently shown to act as an amino
acid permease, responsible for efﬂux of leucine and other amino acids
derived from autophagic degradation from the vacuole [153]. Yeast
cells also contain a functional paralog (Ers1p) of the lysosomal cystine
exporter cystinosin; defects in the mammalian cystinosin cause the
disease cystinosis, which is characterized by a toxic accumulation ofcystine in the lysosome [154]. Bidirectional transport of amino acids
across the vacuolar membrane is a critical feature of vacuolar
function; inﬂux and efﬂux must be selectively balanced to allow
storage or amino acid recycling depending on cytosolic conditions and
needs, but the basis of this balance is not fully understood. Another
vacuolar protein that is highly conserved in mammals, Btn1p, appears
to help balance cellular arginine levels in yeast [155]. Loss of function
of the human Btn1p homolog (CLN3) results in juvenile Batten
disease, and understanding the function of Btn1p could help unravel
both the basis of this disease and mechanisms that regulate vacuolar/
lysosomal amino acid storage.
The vacuole contains very high concentrations of phosphate,
which is stored as polyphosphate. The VTC genes (VTC1, VTC2, VTC3,
VTC4) are required for vacuolar polyphosphate accumulation
[97,156]. Vacuolar polyphosphate acts as both a phosphate store and
as a macromolecular anion that facilitates uptake and retention of
positively charged ions and amino acids. Although polyphosphate had
long been viewed as a cellular phosphate store, the efﬁciency of
vacuolar polyphosphate as a cytosolic phosphate buffer during
transient periods of extracellular phosphate depletion was demon-
strated recently [130]. Cells capable of storing polyphosphate were
able to maintain sufﬁcient cytosolic phosphate levels to inhibit
induction of the Pho5p phosphatase even in the face of a short term
extracellular phosphate deprivation. In contrast, mutants unable to
accumulate vacuolar polyphosphate induced PHO5 production almost
immediately, suggesting that they were immediately vulnerable to a
transient decrease in environmental phosphate. This may be viewed
as a general paradigm for the buffering function of the vacuole, which
applies to storage of other nutrients as well. In this paradigm,
nutrients are imported into the vacuole during times of excess and
released during times of deﬁciency, with inﬂux and release usually
requiring transporters. This suggests that there must be mechanisms
for recognizing cytosolic levels of nutrients and that the buffering
mechanismsmay compensate for ﬂuctuations arising from apparently
diverse cellular systems. The PHO pathway is the signaling pathway
that is primarily responsible for regulating phosphate storage and
utilization in yeast [157]. However, a recent genomic screen for
mutations affecting total polyphosphate levels identiﬁed many more
mutations, including mutations in many aspects of energy metabo-
lism, that impact the ﬁnal levels of vacuolar polyphosphate [97]. In
some of these mutants, polyphosphate storage may be directly
compromised. In others, the vacuole is responding to metabolic
perturbation by mobilization or sequestration of phosphate.
The vacuole is also involved in regulation of free ionized calcium
levels in yeast and serves as the major intracellular calcium store.
Vacuoles contain a H+/Ca2+ antiporter, Vcx1p, which drives Ca2+
uptake at the expense of the proton gradient, and a P-type Ca2+-
ATPase (Pmc1p) that operates independently of theH+-gradient [158].
Vcx1p appears to generate high capacity, but low afﬁnity, Ca2+ uptake
into the vacuole, while Pmc1p, which is upregulated under conditions
of Ca2+ stress, becomes important for vacuolar Ca2+ uptake under
stress conditions. Pmc1p is strongly upregulated by calcineurin
activation [159]. In the absence of a functional V-ATPase to drive
Vcx1p-mediated uptake, calcineurin is constitutively activated, and
Pmc1pbecomes essential for growthunder elevated extracellular Ca2+
concentrations [95]. Calcium can be released from the vacuole via a
transient receptor potential (TRP) calcium channel, Yvc1p [160,161].
Storage and release of other metals follows a similar pattern. The
vacuole is the major storage organelle for Zn2+. During times of Zn2+
excess, the Zrc1p and Cot1p zinc transporters are responsible for uptake
of Zn2+ into the vacuole; Zn2+ deﬁciency signals transcription of a
vacuolar Zn2+ exporter, Zrt3p [96,162]. Through the sequential action of
this combination of transporters, both total cellular and vacuolar zinc
levels can increase by more that ten-fold in the presence of excess
extracellular zinc, and this stored zinc can subsequently sustain growth
for multiple generations in the absence the extracellular zinc [163].
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control of iron storage is particularly important, and vacuoles again play
a central role. Ccc1p is responsible for iron import into the vacuole [164].
Overexpression of the iron importer Ccc1p can suppress oxidative stress
arising from excess cytosolic Fe3+ in certain mutants by allowing
sequestration of excess Fe into the vacuole [164,165]. Vacuolar iron is
mobilized during times of limited supply by the Fet5p/Fth1p complex
and Smf3p metal ion transporter [166]. Many of these transporters are
coordinately upregulated in response to iron deprivation [167].
6.3. Detoxiﬁcation functions of the vacuole
In addition to its storage functions, the vacuole also serves an
important detoxiﬁcation function, through which multiple toxic mole-
cules are sequestered away from the cytosol and other organelles. Some
of these “toxins” (like the redox-active heavy metals) are nutrients orFig. 5. Stress responses. Panel A: Upon nutrient deprivation, multiple autophagic pathways d
degradation of cytosolic proteins and organelles. Autophagic membranes originate from p
which are then delivered to the vacuole. In microautophagy, vacuolar membranes invagina
(PMN) is a type of autophagy that speciﬁcally degrades nuclear compartments, while pe
microautophagy. Panel B: Upon salt stress, vacuoles fragment into multiple tiny vesicles. Thi
from vacuolar stores by Yvc1p, activating calcineurin and the Crz1p transcription factor. This
and the Pho89p Na+/Pi+ symporter at the vacuole.metabolites that have essential functions at physiological concentrations
but become toxic in excess. TwoATP binding cassette (ABC) transporters,
Ycf1p and Bpt1p are present on the vacuolar membrane and transport
several substrates as glutathione conjugates [168–170]. These twopumps
have similar mechanisms and overlapping speciﬁcities, but appear to be
regulated differently. Among their substrates are toxic metals arsenite
and cadmium and accumulated side-products of adenine metabolism
present in the ade2mutant [170,171].
The importance of vacuolar function in detoxiﬁcation was
emphasized in a recent chemical genetic screen which identiﬁed a
number of mutants in vacuolar function, including mutants lacking
V-ATPase subunit genes, as a prominent class of multidrug sensitive
mutants [172]. One interpretation of this result is that many of the
drugs tested can be sequestered in the vacuole, but an alternative
explanation is that the stress–response functions of the vacuole are
required for tolerance of multiple drugs.eliver speciﬁc and non-speciﬁc cargo to the vacuole. Macroautophagy is the non-speciﬁc
re-autosomal structures (PAS) that enclose cytosolic cargo, forming autophagosomes,
te and directly engulf cargo for degradation. Piecemeal microautophagy of the nucleus
xophagy degrades peroxisomes via two mechanisms similar to macroautophagy and
s requires increased production of PI3,5P2 by the Fab1p lipid kinase. Calcium is released
leads to the increased production of the Ena1p Na+/Li+ pump at the plasma membrane
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While the vacuole is mainly known as the endpoint for macro-
molecular degradation, it also has a central role in responding to
various stresses such as nutrient deprivation, osmotic and ionic stress,
and calcium stress (Fig. 5).
7.1. Vacuoles in response to nutrient deprivation
Yeast cells are constantly subjected to ﬂuctuations in extracellular
nutrients. As such, they have evolved various mechanisms to adapt to
different nutritional conditions. Autophagy is the vesicular sequestra-
tion of cytosolic cargo for degradation at the vacuole [173]. It is both a
housekeeping and a stress-responsive process. As a stress response,
autophagy is activated in low-nutrient conditions to provide supple-
mentary reserves for the starving cell. Autophagy can also involve the
speciﬁc degradation of proteins and organelles [173].
There are different types of autophagy, with macroautophagy
considered as the main degradative form (reviewed in [146,149,173]).
In macroautophagy, a double membrane vesicle called the autophago-
some encloses cytosolic cargo. Autophagosome formation takes place
at the pre-autophagosomal structure (PAS), which is adjacent to the
vacuole. Subsequent fusion of autophagosomes with the vacuole leads
to the release of cargo enclosed by the inner membrane into the
vacuolar lumen. Both the inner membrane and autophagosomal cargo
are digested by vacuolar hydrolases into component macromolecules
that are then released back into the cytosol through vacuolar
permeases. Microautophagy entails direct engulfment of cytosolic
materials by the vacuole via invaginations of its limiting membrane
[174], and is implicated in the degradation of speciﬁc organelles such
as the nucleus [175].
In yeast, autophagy is induced by the absence of high-quality
nitrogen and carbon sources [176,177]. In a nutrient-rich environment,
autophagy is inhibited by the Tor kinase, a phosphatidylinositol-3
(PtdIns-[3]) kinase homolog. The TORC1 complex regulates cell
proliferation and the transition between growth and quiescence
[176,178]. Upon starvation, Tor becomes inactivated, and autophagy is
enhanced. While the nitrogen-sensing mechanisms upstream of Tor
have not been elucidated, more is known about Tor effectors [176,177].
Atg13p is a substrate of Tor that binds to different proteins depending
on its phosphorylation state. During starvation, dephosphorylated
Atg13p has a higher afﬁnity for Atg1p and Atg17p, forming a complex
which is thought to mediate autophagy induction [177].
How autophagic vesicles are precisely formed still remains a
mystery. It is known that the formation of autophagic vesicles requires
two ubiquitin-like conjugation systems: Atg8-phosphatidylethanola-
mine and Atg12p–Atg5p (reviewed by [177]). These complexes
localize at the pre-autophagosomal structure (PAS), and are thought
to have a role in vesicle formation [177,179]. A complex containing
PtdIns[3]P, Atg14p, Vps30p, Vps15p, and Vps34p (the PtdIns-[3]
kinase) has also been found to recruit various autophagy-related
proteins to the PAS [177,180,181]. However, the double membrane
autophagic vesicles are not derived from any pre-existing organelle;
they appear to be generated from new membrane [177]. It is known
that Atg proteins are necessary for vesicle formation, and that most of
these proteins localize at the PAS, but how these proteins are involved
in the nucleation of the initial autophagic membrane is unclear [177].
Fusion of autophagic vesicles with the vacuole requires Ccz1p and
Mon1p, proteins that are also implicated in homotypic vacuole fusion
[177,182,183]. The outer membrane of the autophagosome fuses with
the vacuole while the inner vesicle (called the autophagic body) is
exposed to the lumen and its proteases. Dissolution of the autophagic
body requires speciﬁc proteases (Pep4p and Prb1p), an acidiﬁed
vacuole, and Cvt17p (a putative lipase) [147,177,184–186]. The
cytoplasmic cargo is exposed to the hydrolases of the lumen, resulting
in their degradation.The massive inﬂux of material into the vacuole during autophagy
exerts increased pressure on the vacuole's degradative capacities. To
cope with this, the hydrolytic capacity of the vacuole is also increased
under starvation conditions [173,187]. Vacuolar hydrolases such as API
are produced at a much higher rate compared to total protein
synthesis during nitrogen deprivation [188]. The inﬂux ofmaterial into
the vacuole can also conceivably lead to the accumulation of both
membrane and luminal material [189]. The vacuole has mechanisms
for recycling membrane from the vacuole [1,189], which may be
upregulated after autophagy. In line with this, microautophagy, in
which vesicles invaginate from the vacuole itself for degradation in
the vacuolar lumen, has been observed to occur after macroauto-
phagy. This coupling of microautophagy to macroautophagy may be
such a mechanism for vacuolar membrane recycling [189]. The EGO
complex, in conjunction with TOR, counterbalances the massive
macroautophagy-mediated membrane inﬂux at the vacuolar mem-
brane by positively regulating microautophagy [190].
7.2. Vacuoles in response to ionic and osmotic stress
Yeast cells have two distinct responses to osmotic shock in the
presence of high sorbitol or salt media. The long-term response to
osmotic challenge is mediated by the HOG (high osmolarity glycerol)
pathway, a transcriptional response that leads to increased amounts of
a cellular osmoprotectant, glycerol [191,192]. In contrast, the immedi-
ate response involves the formation of small, fragmented vacuoles and
a release of calcium from the vacuole.
The ﬁrst ﬁndings that suggested a link between vacuolar function
and osmoregulation came from studies of mutants defective in
vacuolar protein sorting. Some of these mutants that lacked
structurally intact vacuoles were also osmosensitive [1,56], reﬂecting
a defect in osmoregulatory capabilities. More concrete evidence came
from a study involving a mutant of SSV1, a gene required for vacuole
biogenesis and protein sorting. Within 10 s of treatment, 1.5 M NaCl
proved lethal to ssv1–2 mutant cells, suggesting the presence of a
mechanism that facilitates the fast adaptation of cells to osmotic or
ionic stress [193]. Stress from growth in 1.5 M NaCl has a charge-
dependent ionic component as well as a charge-independent osmotic
component. The vacuole is capable of handling charge-dependent
stress via numerous ion-speciﬁc transporters and charge-independent
osmotic shock via vacuolar shrinkage.
As the storage vessel for a wide variety of ions, the vacuole is the
main organelle responsible for intracellular ion homeostasis and
response to ionic shock. Vacuolar transporters mediate ion home-
ostasis by regulating ion transport between the vacuole and the
cytosol, along with plasma membrane ion transporters that regulate
ion inﬂux/efﬂux between the cytosol and the extracellular environ-
ment. The activity of many vacuolar transporters is dependent on the
pH gradient across vacuolar membranes generated by the vacuolar
H+-ATPase. For instance, the late endosomal transporter Nhx1 confers
osmotolerance following acute hypertonic shock [194].
As mentioned above, the vacuole is the major storage site for
calcium in yeast. Upon salt shock, the vacuole releases calcium via
Yvc1p, resulting in a transient increase in the cytosolic concentration
of calcium [160]. Interestingly, Yvc1p is mechanosensitive— it directly
responds to mechanical strain. A model by which Yvc1p senses the
mechanical strain generated by osmotic shock has been proposed:
osmosis draws water from the cytoplasm and the vacuole, and the
osmotic pressure across vacuole membranes forces Yvc1p to assume
an open conformation [161]. The exact role of transient calcium
release from the vacuole in response to osmotic shock remains
unclear. Calcium is a major signaling molecule and its release is likely
to activate cellular responses that mitigate osmotic shock. Calcium
signaling in yeast is facilitated by the Ca2+/calmodulin dependent
phosphatase, calcineurin, which activates the Crz1p transcription
factor [195]. Crz1p activation leads to increased expression of a battery
660 S.C. Li, P.M. Kane / Biochimica et Biophysica Acta 1793 (2009) 650–663of 160 or more genes implicated in different processes [196]. These
include cell wall synthesis, vesicle transport and lipid/sterol synthesis,
showing that Crz1p activates a repertoire of genes that promote cell
surface remodeling. Notably, ion transporters such as Ena1p (a plasma
membrane Na+/Li+ pump) and Pho89p (a vacuolar Na+/Pi sympor-
ter) are also upregulated. Cell-wall remodeling and the increased
production of ion transportersmay be possiblemechanisms for dealing
with osmotic stress. Indeed, calcineurin is essential for salt tolerance in
yeast, and activated calcineurin confers high tolerance to ion stress by
promoting ENA1 expression. This suggests that adaptation to high salt
requires the Ca2+/calmodulin/calcineurin signalingpathway [197,198].
The acute vacuolar response to osmotic shock involves a rapid and
transient 20-fold increase in PtdIns[3,5]P2 levels, and requires the
activation of the Fab1 lipid kinase by Vac7p [17] and the Vac14p–Fig4p
complex [19,199]. Interestingly, PtdIns[3,5]P2 levels are only readily
detectable after subjecting cells to an osmotic challenge, even though
an inability to produce PtdIns[3,5]P2 leads to constitutive defects in
vacuolar morphology. This rise in cellular PtdIns[3,5]P2 is a transient
response that is necessary for the decrease in vacuolar volume in
response to osmotic shock. Normal vacuole volume and morphology
are restored as levels of PtdIns[3,5]P2 drop back to basal levels, and
both the rise and fall of PtdIns[3,5]P2 levels are dependent on the
PtdIns[3,5]P2-phosphatase, Fig4p [200]. The rise in PtdIns[3,5]P2 may
also regulate channels that extrude ions, osmolytes and water from
the vacuole [18,201]. These results suggest that presence of PtdIns[3,5]
P2 is responsible for the maintenance of both basal vacuolar size and
for changes in vacuolar morphology in response to stress.
Several proteins acting downstream of PtdIns[3,5]P2 have been
identiﬁed. Among these, only ATG18 deletionmutants have high levels
of PtdIns[3,5]P2 and grossly enlarged vacuoles. Furthermore, subject-
ing atg18Δ cells to hypertonic shock does not result in a change in
vacuolar size even though PtdIns[3,5]P2 levels rise to 60 times that of
wildtype [22,39]. This suggests that Atg18p is the PtdIns[3,5]P2
effector responsible for vacuolar ﬁssion in response to osmotic stress.
Vacuolar fragmentation as a response to osmotic shock is well-
documented. From an osmotic context, vacuolar fragmentation may
be a result of the release of water from the vacuole to maintain proper
osmotic pressure in the cytosol. Interestingly, chronically high levels
of calcium in the cytosol also induce vacuolar fragmentation [202].
Vacuolar fragmentationmay function as a normal response to calcium
stress that increases the surface/volume ratio of the vacuole, to enable
maximal sequestration of calcium at the vacuole [202]. This effect is
common to both calcium and sodium stress (see above). From an ionic
context, vacuolar fragmentation may be a general mechanism for
increasing the efﬁciency of ion uptake by vacuolar transporters.
8. Conclusion
As an acidic, digestive organelle, the yeast vacuole is analogous to
the lysosome; both compartments are endpoints for degradation of
proteins delivered via endocytosis and autophagy. Both compart-
ments also recycle hydrolytic products to replenish cytosolic stores.
Unlike lysosomes, the vacuole actively sequesters nutrients such as
amino acids, metal ions, and metabolic bi-products. In this light, the
yeast vacuole has storage and detoxiﬁcation roles that diverge from
lysosome function.
While certain processes, such as autophagy, are inexorably tied to
the vacuole's digestive capacities, other stress mechanisms such as
osmotic recovery and the calcium response rely on the vacuole's
ability to store and transport water and different ions. Under osmotic
and ionic stress, vacuoles must be able to fuse and fragment at will.
Still other mechanisms such as vacuolar inheritance involve the
transport of vacuolar compartments across the cell in response to cell
cycle-derived cues. In all these scenarios, vacuoles must be capable of
sensing ﬂuctuations in both extracellular and intracellular stimuli, and
react accordingly. The temporal nature of these processes suggestthat the vacuole is more than just a proteolytic reservoir; it is
indeed a highly responsive structure that adjusts to different cellular
challenges.
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